Background: Magnetic resonance imaging (MRI) provides useful markers to examine placental function. MRI features of placental injury due to intrauterine inflammation-a common risk during pregnancy, are not well known. Purpose: To investigate the capability of structural MRI and intravoxel incoherent motion (IVIM) imaging in examining acute placental injury in a mouse model of intrauterine inflammation, as well as gestation-dependent placental changes. Study Type: Prospective study. Animal Model: Pregnant CD1 mice were scanned on embryonic day 15 (E15, n 5 40 placentas from six dams) and E17. On E17, mice were subjected to intrauterine injury by exposure to lipopolysaccharide (LPS, n 5 25 placentas from three dams) or sham injury (n 5 25 placentas from three dams). Field Strength/Sequence: In vivo MRI was performed on an 11.7T Bruker scanner, using a fast spin-echo sequence and a diffusion-weighted echo-planar imaging (EPI) sequence. Assessment: T 2 -weighted MRI was acquired to evaluate placental volume. IVIM imaging was performed in a restricted field-of-view using 15 b-values from 10-800 s/mm 2 , based on which, the pseudodiffusion fraction (f), pseudodiffusion coefficient (D*), and tissue water coefficient (D) were estimated with a two-step fitting procedure. Statistical Tests: Two-way analysis of variance (ANOVA) was used to evaluate the group differences. Results: The placental volume increased by $21% from E15 to E17 (P < 0.01), and a 15% volume loss was observed at 6 hours after LPS exposure (P < 0.01). IVIM parameters (f, D*, and fÁD*) were similar between the E15 and E17 sham groups (P > 0.05), which was significantly reduced in the LPS-exposed placentas compared to the shams (P < 0.001). D values decreased from E15 to E17 (P < 0.05), which were further reduced after LPS exposure (P < 0.05). Changes in placental area and vascular density were histologically identified in the LPS-exposed group, along with gestationdependent changes. Data Conclusion: Our results suggested structural MRI and IVIM measurements are potential markers for detecting acute placental injury after intrauterine inflammation. Level of Evidence: 1 Technical Efficacy: Stage 2
placenta project 7 to noninvasively probe the placental functions. A range of MRI techniques have been proposed to examine the placenta, including anatomical measures using T 1 -and T 2 -weighted, 8 and diffusion-weighted MRI 9 ; and functional measures using dynamic contrast enhanced MRI (DCE), 10 arterial spin labeling (ASL), 11 intravoxel incoherent motion (IVIM) imaging, 12 and blood oxygen leveldependent (BOLD) MRI. 13 Excellent reviews can be found elsewhere. 14, 15 Particularly, the IVIM technique 16 provides unique information about blood flow in the capillary and small vessels, without exogenous administration of a contrast agent, as required for DCE. IVIM measures of the placental perfusion have been reported in human with normal or complicated pregnancy, 8, [17] [18] [19] [20] and animal models with normal pregnancy. 12, 21 The IVIM-derived indices, such as the pseudodiffusion fraction (f ) and its product with the pseudodiffusion diffusivity (D*), have been related to blood volume and blood flow velocity in the capillary bed. 22 The technique can be a promising tool to investigate maternal vascular malperfusion of placenta.
Intrauterine inflammation is one of the most common scenarios associated with perinatal complications. 23 Infectioninduced maternal immune activation leads to a chain of inflammatory responses mediated by cytokines, 24 resulting in placental injury, fetal brain injury, and adverse fetal outcomes. However, radiological features of placental injury after intrauterine inflammation are not well known. In this study we utilized a mouse model of intrauterine inflammation 25, 26 that replicates this clinical scenario. This model employs an endotoxin, lipopolysaccharide (LPS, a component of the cell wall of Gram-negative bacteria), which induces maternal cytokine production from the maternal serum, uterus, placenta, and in the fetal brain, similar to the cytokine signaling pathway in human. The model exhibits a well-defined phenotype of fetal brain injury, including white matter damage and neuroinflammation, 27, 28 as well as pathological evidence of placental injury. 29 We hypothesized that acute changes in placenta anatomy and perfusion after intrauterine inflammation are detectable by in vivo MRI. Our preclinical study aimed to provide a solid translational backdrop for clinically useful and safe placental assessments in settings of inflammation-related pregnancy disorders. Common challenges in placenta MRI include motion artifacts resulting from fetal movement and maternal respiratory motion, as well as field inhomogeneity due to the tissue, blood, air, and fat around the placenta in the abdomen space. Furthermore, the mouse uterine environment is known to be very hypoxic compared to humans. 30 The mouse placenta has a high content of deoxygenated blood, which has very short T 2 and T Ã 2 relaxation times at high field, 31, 32 and thereby resulting in low signal-to-noise ratio (SNR). In this study we performed IVIM using single-shot echo planar imaging (EPI), with a restricted field-of-view (FOV) and a high-sensitivity imaging coil, to potentially mitigate the above-mentioned issues. We investigated the capability of anatomical and IVIM-based capillary perfusion measurements in detecting 1) gestation-dependent changes in the mouse placenta at two gestational stages; and 2) acute placental injury in the mouse model of intrauterine inflammation.
Materials and Methods

Animal Preparation
All experimental procedures were approved by the Animal Use and Care Committee at the study site. Pregnant CD-1 mice (Charles River Laboratories, Wilmington, MA) with an average litter size of 11 pups and full-term gestation of 19 days were used for this study. Six pregnant dams were scanned on embryonic day 15 (E15). On E17, three of the six dams were subjected to intrauterine inflammation, as previously described. [26] [27] [28] Briefly, pregnant dams were placed under isoflurane anesthesia and a minilaparotomy was performed. LPS (Sigma, St. Louis, MO, Lot. 102M4017V) of 25 lg in a 100-lL phosphate-buffered solution (PBS) was injected between two gestational sacs in the lower uterine horn. The other three dams underwent the same procedure but were injected with 100 lL PBS as sham controls. Routine laparotomy closure was performed and the dams recovered.
In Vivo MRI
Na€ ıve pregnant mice were scanned on E15 (n 5 6), and they were imaged again on E17 at 6 hours after LPS exposure (n 5 3) or sham surgery (n 5 3). During imaging, mice were anesthetized with isoflurane (1%), together with air and oxygen mixed at a 3:1 ratio, via a vaporizer. Respiration was monitored via a pressure sensor (SAII, Stony Brook, NY). In vivo MRI was performed on an 11.7T horizontal Bruker scanner (Bruker Biospin, Billerica, MA) with a 72-mm diameter quadrature volume transmitter coil. Images were acquired with a 15-mm planar surface receive-only coil, which was attached to one side of the mouse abdomen using soft cloth surgical tapes, and the coil commonly covered about five placentas in one of the uterus horns. This provided a restricted FOV and relatively high SNR. Saturation slices were placed in the phase-encoding direction around the FOV to avoid residual signal fold-over. After completing imaging in one of the uterus horns, we repositioned the coil to the other side to image additional placentas. The experimental setup is illustrated in Fig. 1D .
T 2 -weighted anatomical images were acquired using a fast spin-echo sequence at a FOV of 28. 
Image Analysis
The placental regions-of-interest (ROIs) were manually delineated based on the T 2 -weighted images ( The IVIM data were first averaged over six diffusion directions to obtain mean diffusion-weighted images at each b-value, and then the IVIM fitting was performed following a two-step procedure in MatLab (www.mathworks.com), as described in. 12 Briefly, in the first step parameters were estimated with approximations. The water diffusivity D was approximated with a monoexponential fitting of the high b-value (b > 300 s/mm 2 ) data, according to a monoexponential decay S/S 1 5 e -bÁD , and S 1 was simultaneously obtained from the fitting as the approximated tissue water signal. The pseudodiffusivity D* was approximated at 10 times of D. The total nondiffusion-weighted signal (S 0 ) was approximated by extrapolating the low b-value (b 5 10-100 s/mm 2 ) data, and then the pseudodiffusion fraction f was approximated as (S 0 -S 1 )/S 0 . In the second step, a biexponential fitting S/S 0 5 f Áe 2bÁD * 1 (1-f)
Áe 2bÁD was performed at each voxel, using boundary constraints based on the approximated f, D, and D* values from the first step, eg, fitting of f and D was constrained within 50-150% of the approximated values, and D* was constrained within 30-300% of the approximated value.
Immunohistochemistry
Pregnant dams were euthanized with carbon dioxide, and five placentas were dissected from each group (E15, E17 PBS, and LPS groups). The isolated placentas were fixed overnight at 48C in 4% paraformaldehyde. Samples were cut using a cryostat (Leica; Buffalo Grove, IL) at 20 lm thickness and mounted on positively charged slides (Fischer Scientific, Pittsburgh, PA), followed by drying at room temperature. Tissues were then incubated with rabbit anti-vimentin antibody (endothelia marker, 1:200, Abcam, Cambridge, MA) overnight at 48C, along with DAPI for counterstaining, and images were viewed using a Zeiss Axioplan 2 Microscope System. Density of the vimentin expression was calculated by vimentin-positive area divided by the total area in a local patch in labyrinth of placenta, using ImageJ (NIH, Bethesda, MD) at 203 magnification. Five patches were randomly captured in the labyrinth, and densities were averaged among the patches for each placenta. The middle level of each placenta was used to evaluate the placenta size by measuring the cross-sectional area. The outlines of each placental sample were manually delineated based on DAPI-counterstained sections, using a Freehand Line tool in ImageJ, and the cross-sectional areas were automatically calculated based on the measurement scale. The procedure was repeated five times for each sample and the average number was used.
Statistical Analysis
The placental volumes and IVIM-derived parameters were obtained for the E15 na€ ıve, E17 PBS, and E17 LPS groups. Voxelwise f, D*, D, and fÁD* values were averaged over each placenta for group analysis. Pairwise group differences were analyzed using two-way analysis of variance (ANOVA) in GraphPad (graphpad.-com/scientific-software/prism/). Since multiple placentas were obtained from each individual dam, the dam difference was considered as one factor, in addition to the gestational age or intrauterine injury effects.
Results
Placenta volumes were obtained based on T 2 -weighted images in 43 placentas from six E15 dams, 30 placentas from three E17 sham dams, and 30 placentas from three E17 dams at 6 hours after exposure to LPS (Fig. 1A-C) . ROI analysis showed significant increase of placenta volume from E15 (93.6 6 15.0 mm 3 ) to E17 (PBS group, 120.5 6 25.3 mm 3 , P < 0.001), and a significant reduction in the LPS group (100.0 6 15.3 mm 3 , P < 0.001) compared to the PBS group (Fig. 1E ). This matched well with histologic measures of placenta cross-sectional areas (Fig. 4C) , which showed about an 18% increase from E15 to E17 and a 16% reduction after LPS exposure. IVIM analysis was performed in 40 placentas from the E15 dams, 25 placentas from E17 sham dams, and 25 placentas from E17 LPS dams. The SNRs of the b 0 images were 38.4 6 13.4, 32.1 6 13.5, and 30.6 6 12.3 in the E15, E17 PBS, and LPS groups, respectively. Examples of the diffusion signal attenuation patterns and IVIM fitting results were shown in Fig. 2 . The signal intensities followed a biexponential attenuation at b-values of 0-800 s/mm 2 , in each individual diffusion directions in a normal E17 placenta ( Fig. 2A) . Figure 2B shows the averaged diffusion signals in an E15, an E17 PBS, and an LPS placenta, along with the IVIM fitting curves. Corresponding voxelwise fitting results of f and D* were mapped on the b 0 images in Fig. 3C . Reduced intensity in the f and D* maps of the LPS-exposed placenta were observed, which corresponded to the smaller signal attenuation in its attenuation curves. Statistical analysis revealed significantly lower f values in the E17 LPS group (0.22 6 0.02) compared to the E17 PBS groups (0.25 6 0.02, P < 0.01), controlled by the dam differences (Fig. 3A) (Fig. 3D) . Vimentin staining of the micro-vessels in placentas demonstrated an increase of vascular density from E15 to E17 (n 5 5 placentas per group, P 5 0.02), and a significant reduction of vascular density after LPS exposure (n 5 5, P < 0.001), which was evident from the stained sections and also quantitative analysis (Fig. 4A,B) .
Discussion
In this study we performed in vivo MRI assessments of the gestation-dependent placental volume and capillary blood perfusion, and their changes in response to acute (C) Cross-sectional areas of the center slice in each placenta (n 5 5 placentas per group). *P < 0.05 and **P < 0.001 by one-way ANOVA, followed by post-hoc pairwise t-test.
intrauterine inflammatory injury in a mouse model. It is known that the placenta grows substantially with gestational age, 33 and the volumetric measure has been shown to be a useful indicator of placental integrity and pregnancy outcome, eg, placental volume was correlated with birth weight 34 and lower volume was associated with adverse fetal outcome, such as small for gestational age. 35 Our results
showed increased placental volume ($21%) in the normal pregnant dams from E15 to E17. The reduction of placental volume ($15%) observed at 6 hours after LPS exposure indicated acute placental tissue loss in this model. Note that compartmentalized analysis of the fetal and maternal parts was not performed in this study due to the lack of contrast to accurately define the fetal and maternal boundary. The IVIM technique accesses blood microcirculation in the capillary network, 16, 22, 36, 37 and separate it from tissue water diffusion by a biexponential fitting, whereas the fast blood flow in the large vessels is mostly spoiled by the diffusion gradients. Therefore, the IVIM indices provide important information about the capillary perfusion in addition to standard perfusion MRI, 10, 11 and has been extensively used in the brain and several body organs. 37 The placenta is a highly vascular organ, in which the blood takes up about 50% of the whole placenta volume. 8 Our measurement of capillary blood fraction (f ) of $25% with respect to the tissue water, as well as the D and D* values, agreed with previous studies in the mouse placenta under normal conditions. 21 Gestation-dependent changes in IVIM measurements in normal pregnancy has been investigated earlier.
For example, Sohlberg et al 20 reported a decrease in f from early (<34 weeks) to late (!34 weeks) gestation; Moore et al 17 showed largely unchanged f during gestation weeks). Our results showed no apparent changes in the IVIM indices (f, D*, and fÁD*) from E15 to E17. Yet the vimentin expression indicated an increase of vascular density from E15 to E17. This observation suggested that IVIM may not be sensitive to small perfusional changes with gestation; but note that the IVIM measurements mainly reflect microcirculation in the capillary bed, which may perfectly match with the vimentin staining that labels endothelium cells of vessels. These factors need to be taken into consideration when interpreting both human and animal studies. Although the IVIM measurements may not be sufficient to capture the gestational changes between E15 and E17, all IVIM indices showed acute reductions at 6 hours after intrauterine inflammation (Fig. 3) . In particular, we observed a significant decrease in f, which relates to capillary blood volume, in the LPS-exposed placentas compared to the PBS controls; and even more so in fÁD*, which relates to capillary blood flow velocity. These changes pointed to injury to the vasculature and a disruption in blood flow, which may collectively contribute to the development of thrombosis (clot formation) and placental volume loss. The results were supported by the damage of placental vasculature seen in the pathology, eg, vimentin staining revealed extensive reduction of vascular density in the LPS group compared to the PBS group (Fig. 4A,B) . Therefore, the IVIM technique offered sensitive markers to acute placental malperfusion after intrauterine inflammation.
IVIM is well suited for imaging the placenta, as it contains large pools of atrial and venous blood. However, the short T 2 and T Ã 2 relaxation of highly hypoxic deoxygenated blood in the mouse placenta make it challenging to perform IVIM on high-field MRI systems. For example, venous blood T 2 is estimated to be around 14 msec at 11.7T, 31 and venous blood T Ã 2 can be as short as 4 msec at 7T. 32 To compensate the signal loss, we used a high sensitivity planar surface coil that was attached to the lower abdomen to restrict the FOV and increase SNR (approximately three times higher SNR than a mouse body coil). With the small FOV, the readout time and echo time of a single-shot EPI can be reduced to compensate for the short T 2 and T Ã 2 . In addition, we excluded the low SNR placenta data in the analysis, and we took a two-step fitting procedure with approximated boundary conditions to reduce potential fitting errors. This approach can be further combined with the localized imaging technique with spatially selective excitation pulse that we used for fetal brain MRI 38 to obtain 3D highresolution MRI of individual placentas, which may enable 3D shape analysis and texture analysis in addition to the volumetric measure. There are several limitations in the current study. First, it is difficult to accurately track individual placentas in a longitudinal study, eg, from E15 to E17 in this study. The embryos and placentas are not necessarily positioned according to their order along the uterine horn in the crowded 3D uterine space. Their relative positions depend on the available free space in the maternal abdomen and the positions can change from day to day in longitudinal studies. Advanced techniques 39 utilizing the specific pattern of dual arterial blood supply in the mouse uterine may help to resolve this complexity. Second, although we shortened the echo time ($30 msec) with the small FOV approach, blood signals had faster T 2 /T Ã 2 decay than tissue water signals, and thereby the perfusion component could be underestimated in the IVIM model. The use of both flow-compensated and noncompensated gradients 40 may potentially untangle the interaction between relaxation and diffusion effects. In addition, we realize that, although the use of a planar surface coil helped to improve the SNR, it was only beneficial to the placentas located near the surface of the abdomen, which limited the throughput of the imaging. Hardware development of customized coils would greatly advance preclinical in utero studies.
In conclusion, our results demonstrated that volumetric and IVIM measurements were able to capture acute changes in placental anatomy and perfusion in response to intrauterine inflammation. These in vivo techniques potentially provide clinically useful assessments to the spectrum of placental dysfunction associated with vascular malperfusion, with early diagnosis targeted for prevention of further deterioration.
